During Integrated Ocean Drilling Program (IODP) Expedition 322 for the Nankai Trough Seismogenic Zone Experiment project, no logging-while-drilling (LWD)-based porosity measurements were acquired at Site C0011. Here we calculate porosity from both the ring and bit resistivity measurements. Core-derived thermal conductivity coefficients are used to estimate constant thermal gradients and variable thermal gradients for the different lithologies encountered. Temperature profiles are then generated based on the calculated thermal gradients to estimate water resistivity. Using the temperature-corrected water resistivity in Archie's equation, porosity is calculated from the two LWD resistivity measurements. When compared to core-based porosity measurements, the ring resistivity-derived porosity, with a constant thermal gradient of 91.3°C/km, provides the more accurate estimate of porosity.
Introduction
In the absence of any density, neutron, or sonic data at Integrated Ocean Drilling Program (IODP) Site C0011, log-based porosity was calculated from the logging-while-drilling (LWD) resistivity data. Of the five available resistivity measurements (ring, bit, and three button), porosity was calculated from ring and bit resistivity. Bit and ring resistivity were chosen for comparison, as they provide two different resolutions. Bit resistivity measures directly behind the drill bit with a low vertical resolution (30-60 cm), whereas ring resistivity is a focused measurement with a vertical resolution of 5-8 cm (Schlumberger, 2007) . The calculation of a bit resistivity-derived porosity at Site C0011 also ensures a consistent data set across the Nankai Trough Seismogenic Zone Experiment (NanTroSEIZE) drilling transect, as LWD bit resistivity porosity was calculated at IODP Sites C0001-C0006 (Kinoshita et al., 2008) .
Archie porosity estimation
To estimate porosity from the LWD resistivity data, Archie's equation is used. Archie (1942) determined an empirical relationship between the porosity (φ) of a formation and the formation factor (FF):
where a is a constant and m reflects the pore geometry and interpore connections (known as the cementation exponent). Usually m and a are determined from core sample measurements.
The formation factor (FF), originally defined by Sundberg (1932) , is the ratio of resistivity of a fully water-saturated rock (R o ) to the resistivity of the saturating fluid (R w ):
By combining Equations 1 and 2 to produce Equation 3, it is possible to relate the formation resistivity (R o ) to the porosity (φ):
If the resistivity of the saturating fluid, cementation exponent, and constant a are known, then the porosity can be calculated from the measured LWD resistivity (Equation 4), as the LWD resistivity measures the resistivity of the fully saturated rock (R o ):
The resistivity of the formation water, in this case dominantly seawater, changes with temperature. Shipley, Ogawa, Blum, et al. (1995) defined the relationship between the fluid resistivity (R w ) and borehole temperature as
where T is the temperature in degrees Celsius (Shipley, Ogawa, Blum, et al., 1995) . In order to use the above equation, a downhole temperature profile must be estimated. Given the lack of any bottomhole temperatures from the logging data, core data thermal conductivity measurements were used to estimate temperature gradients.
Temperature estimation
The thermal conductivity coefficient (k) can be measured directly from core samples (Blum, 1997) and relates to heat flow (q) across a steady-state temperature (T) difference over distance (x):
The change in temperature over a set distance (ΔT/Δx) is the thermal gradient and can be used to give an estimate of downhole temperature.
At Site C0011, no LWD temperature measurements were available, so core data were used to generate a temperature estimate. (Fig. F1) . Average thermal conductivities were determined for the entire data set, for each of the lithologic units, and for the two main lithologies encountered (Table T1) .
Using the core thermal conductivity measurements, four temperature profiles were generated (Fig. F1) . Two were generated from constant temperature gradients: Temp C1 was based on the constant thermal gradient of 91.3°C/km reported during Expedition 333 (Expedition 333 Scientists, 2012) and Temp C2 was based on a thermal gradient of 80.7°C/km, which was calculated from the average thermal conductivity of both Hole C0011B and C0011D core data. Additionally, two variable temperature profiles were calculated: Temp V1 was based on the thermal gradient of each lithologic unit and Temp V2 was based on the average thermal gradient of the dominant lithology ( Table T1 ). The dominant lithology was chosen on the core-based lithologic units converted to meters below seafloor based on the log depth measurement (LWD depth below seafloor). Each temperature profile yields a different bottomhole temperature (Table T2) , but none can be verified in the absence of a bottom-hole temperature measurement. However, each temperature profile can be used to calculate a temperature-corrected R w , and the subsequent porosity profiles can be compared to core porosity to determine the most accurate calculation.
Porosity calculations
Using the previously discussed Archie relationship between porosity (φ) and measured LWD resistivity (R o ) and the temperature-corrected fluid resistivity (R w ) it is possible to estimate a complete porosity profile. As determined from previous work in the Nankai Trough area and previous NanTroSEIZE expeditions (Kinoshita et al., 2008) , m = 2.4 and a = 1. Both bit and ring resistivity were used to calculate two separate porosity profiles, for each temperaturecorrected fluid resistivity.
Results
The calculated porosity profiles were compared to the core porosity (Fig. F2) . Because of the poor quality of the recovered core (see the "Site C0011" chapter [Expedition 322 Scientists, 2010] ), the core-based porosity measurements exhibit a lot of scatter. However, the general trend and concentration of data points can be matched to the LWD resistivity porosities.
For each of the constant and variable thermal gradient results, bit resistivity porosity exhibits a very similar trend to ring resistivity porosity but always at slightly lower values and with less scatter. Considering the difference in vertical resolution of the bit and ring resistivity measurements, the smooth nature of the bit resistivity porosity is most likely caused by the large volume of investigation. Because ring resistivity offers a more focused and better vertical resolution than bit resistivity, the ring resistivity-derived porosity is taken to be the more accurate and reliable of the two resistivity porosity estimates.
In relation to the variation between the porosity calculated from the variable thermal gradients and that calculated from the constant thermal gradients, there is very little difference, most likely due to the very similar data ranges seen in the core data. However, the constant thermal gradient of 91.3°C/km (Temp C1) gives a slightly improved fit to the core data, particularly through the upper section of lithologic Unit I (Fig. F2) .
Overall, the most accurate LWD resistivity-based porosity estimate is calculated from ring resistivity, using the fluid resistivity corrected for temperature based on the constant temperature gradient recorded during Expedition 333. Therefore, it is suggested that for further analysis this porosity estimate should be used. Figure F1 . Temperature gradient calculated from the core-based thermal conductivities, showing both a consistent gradient and one with variations for the dominant lithology, Site C0011. Figure F2 . Bit and ring resistivity profiles compared to core porosity measurements using R w calculated from Temp C1, Temp C2, Temp V1, and Temp V2 at Site C0011. All exhibit a good match between calculated porosity and core porosity, considering the scatter of the core data. Table T1 . Thermal conductivity coefficients from core data and the subsequent calculated thermal gradients for bulk lithologies and lithologic unit, Site C0011. 
